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This paper reviews fundamentals and applications of modulated induction thermal plasmas that have been
developed. The coil current modulation of the order of several hundreds amperes allows one to make a large
disturbance in high-pressure and high temperature plasmas, and also to control the temperature and radical
density in thermal plasmas in time domain. Examples will be introduced on application of the modulated
induction thermal plasma to surface modification, in which thermally and chemically non-equilibrium effects
are essential in temperature and radical density fields. Finally, dynamic behaviors of an arbitrary-waveform
modulated induction thermal plasma that has recently been developed were also introduced as a new type
of modulated induction thermal plasmas.
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1. Introduction
The inductively coupled thermal plasma (ICTP) is
widely used for various material processings like synthe-
sis of nanopowder, thermal barrier coatings, diamond
film deposition and surface modification etc (1)–(9). One
advantage of the thermal plasma is to have much higher
densities of reactive species or radicals, and high gas
temperature. However, gas temperature in thermal plas-
mas is sometimes too high and is difficult to control. In
order to control gas temperature and densities of reac-
tive atoms/molecules in thermal plasmas, we have devel-
oped a system of several-tens kW-class pulse-modulated
induction thermal plasma (PMITP) (10)–(17). This sys-
tem can modulate the amplitude of the coil current
sustaining induction thermal plasmas in a rectangular
waveform in milliseconds. The millisecond rectangular
modulation in the coil current remarkably perturbs the
temperature of thermal plasmas and it can markedly
change densities of atoms/molecules in thermal plasmas.
Through this periodical perturbation on the thermal
plasmas, we can then control the time-averaged value
of them in time domain (16) (17). This modulation also
provides non-equilibrium effects even in high-pressure
thermal plasmas. On the other hand, some studies have
been continued for application of the PMITP to mate-
rials processings (18)–(23). For example, Ohashi et al. ap-
plied the Ar-H2 PMITP for hydrogen doping to ZnO
and found that H atoms can be implanted into ZnO by
treatment with an Ar-H2 PMITP, thereby improving its
photoluminescence (19) (20). We have also investigated to
apply the Ar-N2 PMITP for surface nitridation process-
ing of materials (21)–(23).
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This paper reviews fundamentals and applications of
modulated induction thermal plasmas that we have de-
veloped. First of all, the system of pulse-modulated in-
duction thermal plasmas is described. Secondly, fun-
damental dynamic behaviors of PMITP are introduced,
which have been obtained mainly in our experiments.
The experimental results indicated that the millisecond
rectangular modulation in the coil current provides a
large disturbance in the radiation intensity of the Ar
line and also that the modulation can change the Ar
excitation temperature from 5000 to 10000 K especially
in Ar-CO2 PMITP (16). Thirdly, an example is shown in
applications of modulated induction thermal plasmas for
high-speed surface nitridation processings. In this work,
we have found that the rectangular modulation of the
coil current can provide the increased number of excited
N atom and at the same time the decreased enthalpy
flow onto the specimen irradiated by Ar-N2 PMITP.
Both the nitrogen atomic density and the enthalpy flow
are crucial for nitridation processing using thermal plas-
mas. On the other hand, our non-equilibrium calcu-
lations imply that the above simultaneous control of
the increased nitrogen atomic density and the decreased
enthalpy flow is due to chemically non-equilibrium ef-
fects (23)–(26). Some other applications of PMITP to sur-
face modification will be introduced briefly (18)–(20). Fi-
nally, a new type of modulated induction thermal plas-
mas, i.e. the arbitrary waveform modulated induction
thermal plasma (AMITP) is introduced, and the time
evolution in Ar excitation temperature in Ar AMITP is
described (27). This system can modulate the amplitude
of the coil current to follow a control signal formed in
not only a rectangular waveform but also an externally-
given arbitrary waveform. Such a modulation of the coil
current makes the detailed control possible in the tem-
perature of thermal plasmas.
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Table 1. Characteristic times in cm-class thermal
plasmas at 5000 K at atmospheric pressure
Phenomena Characteristic time
Thermal conduction ∼ 10−4–10−2 s
Diffusion ∼ 10−4–10−3 s
Convection ∼ 10−4–10−3 s
Reactions ∼ 10−7–10−2 s
2. Characteristic times in thermal plas-
mas
It is important to understand characteristic times for
changing the state in thermal plasmas. Let us consider
characteristic times in centimeter-class Ar thermal plas-
mas around 5000 K at atmospheric pressure. The typi-
cal characteristic times for thermal conduction, diffusion
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where tcond, tdiff , tconv, and tcond are respectively the
characteristic times for thermal conduction, diffusion,
convection and reactions, L is the characteristic length,
ρ is the mass density, Cp is the specific heat, λ is the
thermal conductivity, D is the diffusion coefficient, u is
the gas velocity, α is the reaction rate, n is the number
density of the plasma. In this estimation, u of 10–100
m/s was used for induction thermal plasmas (26).
According to Tab. 1, thermal conduction, diffusion
and convection have characteristic times of several milli-
seconds. Reactions have wide time range because vari-
ous type of reactions including ionization, recombination
and excitation are present in thermal plasmas. On the
other hand, the radio-frequency (rf) cycle time of the coil
current is about 10−7–10−5 s since the frequency of 0.1–
10 MHz is usually adopted for the coil current sustain-
ing high-pressure thermal plasmas. This rf cycle time is
much shorter than the above characteristic times except
reactions, which means that plasma is statically estab-
lished without any disturbance in macroscopic sight by
such an rf coil current. Meanwhile, modulation cycle
time used for modulated thermal plasmas is of the or-
der of milli-seconds. This modulation cycle in millisec-
onds has a similar order to the characteristic times in
thermal plasmas. Therefore, such a millisecond modu-
lation of the coil current can markedly perturb even the
heavy-particle temperature and gas flow fields as well as
reaction fields. In addition, controlling the modulation
amplitude of the coil current and the modulation wave-
form etc. enables us to control the temperature and gas





















Fig.2 Pulse modulated ICP system configuration.  
Fig. 2. Electric circuit for PMITP (16) (17).
3. Fundamentals of pulse modulated in-
duction thermal plasmas (PMITP)
3.1 Modulation of coil current for PMITP
For sustaining the pulse modulated induction thermal
plasma (PMITP), the coil current modulated in a rect-
angular waveform shown in Fig. 1 was actually used.
This modulation of the coil current in milliseconds
markedly perturbs thermal plasmas, then the heavy
particle temperature of plasmas changes periodically
as described in the previous section. Setting several
modulation parameters such as the higher current level
(HCL), the lower current level (LCL), and on-time, and
off-time as indicated in Fig. 1 and a shimmer current
level (LCL/HCL) makes it possible to control the time-
averaged temperature of thermal plasmas.
3.2 Electric circuit and plasma torch To re-
alize a PMITP system, we have used a high-power semi-
conductor inverter power supply. Fig. 2 depicts the elec-
tric circuit of a power supply for PMITP. The system
mainly contains four components: a rectifier circuit, an
inverter circuit, an impedance-matching circuit and an
ICP torch. The details of this power supply can be found
in (16) (17). The coil current amplitude is modulated by
controlling fire angle of MOSFET elements intentionally
to shift from the impedance matching point.
Fig. 3 illustrates a configuration of a plasma torch for
PMITP. The plasma torch is composed of two coaxial
quartz tubes with a 330 mm length. The inner tube has
an inside diameter of 70 mm. Between these two tubes,
cooling water flows to keep the temperature of the tube
wall to be 300 K. This plasma torch has an eight-turn
induction coil around the quartz tube. Downstream of
the plasma torch, a water-cooled reaction chamber is in-
stalled. Argon and other gas mixtures are supplied as
a sheath gas along the inside wall of the inside quartz





















































































Fig. 4. Coil current waveform for different PMITPs
(16) (17).
tube. The dynamic behavior of thermal plasma depends
on the configuration and the scale of a plasma torch.
3.3 Fundamental dynamic behaviors of PMITP
Fundamental dynamic behavior is a basic data to know
the nature of PMITP. Fig. 4 (a) indicates pulse control
signal, (b) is the coil current amplitude for Ar PMITP.
(c) is the coil current amplitude for Ar-N2 PMITP, (d)
is the coil current amplitude for Ar-CO2 PMITP (16) (17).
The shimmer current level (SCL=LCL/HCL) is taken
as a parameter. For any gas mixture cases, the coil cur-
rent amplitude can be changed in 80 µs during its rapid
increase and its rapid decrease. Consequently, the inher-
ent characteristic times of thermal plasmas with differ-
ent gas mixtures can be estimated using this PMITP sys-
tem, because the inherent characteristic times are much
longer than the above time for rapid increase in the cur-
rent amplitude.
Here are introduced some examples of dynamic be-
haviors of Ar PMITP with or without molecular gases.
Fig. 5 indicates the time evolution in radiation intensity
of Ar atomic line at 751 nm for different SCL (16) (17).
















































































Fig. 5. Time evolution in radiation intensity of Ar











































































Fig. 6. Time variation in Ar excitation tempera-
ture in different PMITP (16) (17).
modulation operation, and the pressure is atmospheric
pressure in the torch. Ar gas flow rate is 100 slpm, and
additional gas flow rate is 2.5 slpm. The radiation inten-
sity of the Ar line was measured at 10 mm below the coil
end. As seen in this figure, the radiation intensity can
be modulated following the modulated coil current. This
change in the radiation intensity means that the num-
ber of Ar excited atom in the PMITP changed accord-
ing to the modulation of the coil current. That response
in radiation intensity from Ar-N2 or Ar-CO2 PMITP
is slower than that from Ar PMITP. This difference in
response time indicates that addition of molecular gas
makes it difficult for Ar thermal plasmas to recover from
low temperature state to high temperature state in the
PMITP.
Next, time evolution in Ar excitation temperature was














Fig. 7. Specimen position for nitridation process-
ing using PMITP.
estimated to confirm effects of such a coil current mod-
ulation in the rectangular waveform on the temperature
of thermal plasmas (16) (17). The input power is 30 kW
for 100%SCL, i.e. for non-modulation operation, and
the pressure is atmospheric pressure in the torch. Ar
gas flow rate is 100 slpm, and additional gas flow rate
is 2.5 slpm. The Ar excitation temperature was deter-
mined by the two-line method using the net radiation
intensities of Ar atomic lines at 703 nm and 714 nm af-
ter subtracting continuum components. Fig. 6 indicates
(a) the pulse control signal, (b)the time evolution in the
Ar excitation temperature for Ar PMITP, (c) that for
Ar-N2 PMITP, (d) that for Ar-CO2 PMITP. These Ar
excitation temperatures were also measured at 10 mm
below the coil end. In case of Ar PMITP, Ar excita-
tion temperature is hardly changed by the modulation
of the coil current. On the other hand, in molecular gas
seeded Ar PMITP, i.e. Ar-N2 and Ar-CO2 PMITP, Ar
excitation temperature can be changed markedly follow-
ing the modulated coil current. Particularly, in Ar-CO2
PMITP, the coil current modulation can change Ar ex-
citation temperature by 2000–8000 K depending on the
shimmer current level (SCL).
4. Application of Ar-N2 PMITP for sur-
face nitridation
It is interesting to apply PMITP with the controlled
temperature and radical densities to material process-
ings. Up to now, application of PMITP for surface
modification processing has been tried (21) (22). Here, we
introduce nitridation processing of Ti metallic surface
using Ar-N2 PMITP.
4.1 Plasma torch, reaction chamber and spec-
imen position for nitridation processing For ni-
tridation processing, a Ti specimen was installed to be
irradiated by Ar-N2 PMITP downstream of the plasma
torch. Fig. 7 shows a schematic diagram of the plasma
torch, the reaction chamber and the titanium specimen
for nitridation processing. The plasma torch is the same
to that in Fig. 3. Downstream of this plasma torch, a
water-cooled reaction chamber with a specimen holder is
installed. The specimen holder holds a 15-mm-diameter,
5-mm-thick titanium specimen. The specimen was ir-
radiated directly by an Ar-N2 PMITP. The Ar-N2 gas
mixture was supplied as a sheath gas with a swirl along
the interior of the inner quartz tube from the top of the
plasma torch. The total gas flow rate was fixed at 100.0
slpm (= l/min). The nitrogen gas flow rate QN2 was
set to a value of 2.0 or 4.0 slpm. Pressure inside the
chamber was fixed to 30 kPa (230 torr). The ‘on-time’
and ‘off-time’ were set respectively to 10 ms and 5 ms in
this experiment. In the present work, we fixed the time-
averaged input power to the MOSFET inverter power
supply at the same value of 15 kW for any SCL con-
dition. This fixed power control can be realized using
a higher HCL and a lower LCL to the current ampli-
tude in the non-modulation condition. This fixed power
condition enables us to compare results under the same
electric input power cost.
4.2 XRD analysis of the irradiated specimen
surface The specimen surface of Ti irradiated by an
Ar-N2 PMITP was analyzed by X-ray diffraction (XRD)
to find the effect of the current modulation on the speci-
men surface composition. Fig. 8 shows examples of XRD
spectra for the specimen surface irradiated by Ar-N2
PMITP. The Ar and N2 gas flow rates were 98 slpm and
2 slpm, respectively. In this study, we do not use hydro-
gen to simplify the experimental condition. The irradi-
ation time is 5 min for all case. As seen, XRD spectra
for TiN (1 1 1), TiN (1 0 1) and TiN (2 0 0) can be seen
in case of SCL=100%, i.e non-modulation case. On the
other hand, at SCL=70%, the intensities of TiN (1 1 1)
and TiN (2 0 0) decreases while those of TiN (1 0 1)
increases and the spectrum of Ti2N (1 0 1) appears.
At further lower SCL, i.e. SCL=40%, the XRD spec-
tra is again similar to that at SCL=100%, although the
modulation condition (then the surface temperature) is
different. As a result, the influence of the coil-current
modulation is clearly apparent in XRD spectra for the
irradiated surface even at the same input power and at
the same specimen position. It can be emphasized that
the coil current modulation effects the surface structure.
4.3 Modulation effect on increased number
of nitrogen excited atoms The neutral nitrogen
atomic density irradiating the specimen surface is im-
portant for surface nitridation processing using thermal
plasmas. We measured the radiation intensity of nitro-
gen atomic line at 746.8 nm to estimate the behavior
of the nitrogen atomic density (21) (22). Fig. 9 shows the
time evolution in the radiation intensity of the nitrogen
atomic line from the Ar-N2 PMITP for SCL of 100, 70
and 40%. The nitrogen gas flow rate QN2 is 4.0 slpm.
As seen, the peak value of the radiation intensity in-
creases with reducing SCL. This result indicates that
the pulse modulation of the coil current increases the
instantaneous density of the excited nitrogen atom in
the observation region, i.e. near the specimen surface.
For surface nitridation processing, the time-averaged
nitrogen density as well as the instantaneous value is
also crucial because some nitridation processes require
a longer time than the milliseconds pulse-modulation
cycle. Fig. 10 shows the time-averaged radiation inten-
sity of the nitrogen atomic line as a function of SCL for
QN2=4.0 slpm. Apparently, the time-averaged radiation
intensity increases with decreasing SCL, which indicates
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Fig. 8. XRD spectra for specimen surface irradi-
ated by Ar-N2 PMITP with different shimmer cur-
rent level (21) (22).



























Fig. 9. Time evolutions in the radiation intensity
of the nitrogen atomic line at 746 nm from Ar-N2
PMITP (21) (22).





















Shimmer current level [%]
Fig. 10. Time-averaged radiation intensity of the
nitrogen atomic line at 746 nm from Ar-N2 PMITP
(21) (22).
that the time-averaged nitrogen density.
For another on-time condition, we found such a more
nitrogen excited atom in time-averaged value in modu-
lation operation compared with that in non-modulation
operation (23). Fig. 11 shows the time-averaged radiation
intensity of the nitrogen atomic line at 746 nm, being
compared with the intensity in non-modulation opera-
tion for different on-times. Input power on the horizon-
tal axis in this figure was changed only by changing only
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Fig. 11. Time-averaged radiation intensity of the
nitrogen atomic line at 746 nm from Ar-N2 PMITP
for different on-time. Input power is changed by
changing on-time (23).






















Fig. 12. Temperature variation in surface of spec-
imen irradiated by Ar-N2 PMITP.
tensity at 15–22 kW in modulation operation than that
in non-modulation operation.
4.4 Modulation effect on the decreased speci-
men surface temperature The specimen’s surface
temperature is also principal factor for nitridation and
while for thermal damage. Fig. 12 depicts the time vari-
ation in the surface temperature of titanium specimens
for different SCL cases. The Ar-N2 PMITP was irradi-
ated from t=0 s in this figure. After irradiation of the
Ar-N2 PMITP, the surface temperature increases with
time. The surface temperature is almost saturated at
about 100 s after irradiation. The irradiation of the Ar-
N2 PMITP was stopped at t =150 s. After irradiation
of the Ar-N2 PMITP, the surface temperature decreases
rapidly with time. It is noteworthy that the surface tem-
perature variation depends on the SCL, although the
input power to the inverter power supply is the same
value of 15 kW for all cases. From simple analysis of
energy balance equation for specimen , it is found that
the net enthalpy flow on the specimen was decreased by
reduction of SCL (22).
Reducing SCL increases the excited nitrogen atomic
density at the same time, as described in the previous
section. Consequently, reducing SCL, i.e. the modula-
tion of the coil-current simultaneously causes both an
increase in the excited nitrogen atomic density and a
decrease in the net enthalpy flow.
4.5 Numerical simulation considering non-
equilibrium effects The above phenomena includ-
ing the increased nitrogen excited atoms and the de-
creased enthalpy flow that simultaneously obtained







































































































Fig. 13. Transient distribution in electron temper-
ature Te and heavy particle temperature Th in Ar-
N2 PMITP.
could not be obtained by analysis on the basis of
the local thermodynamic equilibrium condition, be-
cause more nitrogen excited atoms are obtained by in-
creasing temperature. To confirm this phenomena, we
developed a two-dimensional two-temperature chemi-
cally non-equilibrium (2D-2T-NCE) model of the Ar-N2
PMITP (24)–(26). This model solves a set of mass conser-
vation equations of a bulk plasma, momentum conserva-
tion equations, an energy conservation equation for elec-
trons, an energy conservation equation for heavy parti-
cles, a mass conservation equation of each species, and
a Maxwell equation for the vector potential with a help
of the equation of state and the equation of charge neu-
trality.
Fig. 13 shows the time evolution in spatial distribution
of electron temperature Te and heavy particle tempera-
ture Th in Ar-N2 PMITP after a rapid increase in coil
current from LCL to HCL. The shimmer current level is
40% and Ar/N2 gas flow rate is 98/2 slpm. In the reac-
tion chamber, Te is close to Th. However, in the plasma
torch, especially near the torch wall, Te is apparently
more rapidly increased than Th. This means that pulse
modulation of the coil current enhances thermally non-
equilibrium effects near the torch wall.
Fig. 14 (a) shows the calculated time-averaged mass
flow of nitrogen atom from the Ar-N2 PMITP into the
specimen position by decreasing SCL. The nitrogen gas
flow rate is 4 slpm. As indicated in this figure, the time-
averaged mass flow of nitrogen atom increases with de-
creasing SCL from 100% to 40%, meaning that the nu-
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Fig. 14. Temperature variation in surface of spec-
imen irradiated by Ar-N2 PMITP.
increase in mass flow of nitrogen atoms onto the speci-
men surface position. On the other hand, Fig. 14 (b) in-
dicates the calculated time-averaged enthalpy flow from
the Ar-N2 PMITP into the specimen surface position.
This figure indicates that a reduction of the SCL from
100% to 40% decreases the time-averaged enthalpy flow.
In this way, the numerical simulation also supports the
fact that the modulation of the coil current produces
such an increase in mass flow of nitrogen atom and a
decrease in enthalpy flow simultaneously, which is also
obtained in the experiments.
5. Application of Ar-H2 PMITP to sur-
face modification of specimens
5.1 Application to TiO2 specimen (18) Ishigaki
et al performed an experiment to apply Ar-H2 PMITP
to surface modification of TiO2. The titanium dioxide
(TiO2) specimen was irradiated by Ar-H2 PMITP at
26.6 kPa to obtain the effect of PMITP irradiation. The
characteristics of TiO2 strongly depend on the formation
of lattice defects and the incorporation of hydrogen.
Fig. 15 shows the XRD spectra from the TiO2 disk
specimen treated in the plasma with and without the
coil current modulation at a pressure of 26.6 kPa. The
parameter in this figure is the specified position, whose
details can be seen in Ref. (18). As the number of the po-
sition parameter in this figure increases from 100 to 200,
the distance between the plasma flame and the specimen
surface decreases.
As seen in this figure, the phase of all the specimens
remains unchanged except for specimen placed in the
plasma of continuous mode at a position parameter of
200. However, Fig. 15 (a) indicates that Magneli phases,
TinO2n−1, were formed on the surface of the specimen at
a position parameter of 200. The disk specimen, treated
at position of 200 under 26 kPa in the continous plasma,
was directly irradiated by the plasma flame, and then
the surface was heated to a temperature higher than
the rest of the specimens. As a result, the specimen was
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Fig. 15. The XRD spectra from TiO2 disks placed
at various posiitons in Ar-H2 plasma at a pressure
of 26.6 kPa.
highly reduced from TiO2 to TinO2n−1.
On the other hand, as represented in Fig. 15 (b),
XRD spectra from Magneli phases, Ti2O2n−1, were not
observed. The important point is that the specimens
treated in the PMITP were not reduced, even at the
highest position of 200, where the specimen temperature
is higher that the rest of the samples and the concentra-
tion of hydrogen atomis is supposed to be the highest
of all three sample positions. Ishigaki et al suggested
that this difference in the above results between the ir-
radiation of PMITP and the continuous plasma might
be attributed to non-equilibrium effects in the PMITP.
5.2 Application to H doping onto ZnO spec-
imen (19) (20) Here is an example on adoption of
PMITP to hydrogen atom doping to ZnO. Many recent
investigations on zince oxide (ZnO) have reported about
its quantum effect in superlattices, laser emission, and
heterojunction light emitting diode. Thus, the control
of defects related electron-hole recombination process is
important to improve emission efficiency of ZnO. Hy-
drogen plasma irradiation has been pointed out to be
sutable for passivation of ZnO radiative recombination
centers giving visible emission (VIS) at 2.3 eV. However,
conventional heating technique in a H2 gas to dope hy-
drogen atom into ZnO causes the formation of defects
such as oxygen vacancy or evaporation of ZnO. Further-
more, ZnO was reduced by continuous irradiation with
a non-modulated hydrogen plasma.
Ohashi et al applied Ar-H2 PMITP for this purpose
(19) (20). Use of the Ar-H2 PMITP provides less heat ac-
cumulation in the irradiation specimen compared with
the continuous plasma irradiation. Experimental con-
ditions were as follows: They used on-time of 10 ms,
and off-time of 5 ms. The rf frequency was 1 MHz, in-
put power level to a inverter power supply is 13 kW for
higher level, while it is 4 kW for lower level. Hydrogen
gas flow rate was set to 6×10−3 m3/min, whereas Ar gas
flow rate was 98×10−3 m3/min. Total gas pressure was
27 kPa. The irradiation time was 300 s. The details of
the experimental setup are available in Ref. (18)
They confirmed in their experiments that Ar-H2
PMITP irradiation does not reduce ZnO, although a
Fig. 16. Typical photoluminescence spectra of
ZnO before and after hydrogen plasma irradiation.
(a) Polycrystalline ceramic and (b) single crystal
grown by the hydrothermal method.
non-modulated plasma irradiation does. In addition,
they found the improvement of photoluminescence of
ZnO were achieved by irradiation of Ar-H2 PMITP.
Fig. 16 shows the photoluminescence (PL) spectra of
ZnO. For original polycrystalline ZnO, there was a broad
VIS emission band around 2.3 eV, and an ultraviolet
(UV) emission band at 3.3 eV. After irradiation of Ar-
H2 PMITP as indicated in Fig. 16 (a), the VIS emis-
sion band disappeared and the UV emission intensity
increased by more than ten times. The improvement in
UV emission efficiency can be ascribed to the passiva-
tion of active centers, which are the origin of the VIS
emission.
6. Development of arbitrary waveform
modulated induction thermal plasma
6.1 Concept and electric circuit for AMITP
Recently, we have developed a new type of modulated
induction thermal plasma system, that is, a system
of an arbitrary-waveform modulated induction thermal
plasma (AMITP) (27). This system can modulated the
coil current sustaining an induction thermal plasma
not only into a rectangular waveform but also into an
externally-given waveform in milliseconds. Fig. 17 de-
picts an example of the coil current for AMITP. The coil
current amplitude is modulated following an externally-
given waveform which is changed in milliseconds.
To realize AMITP, we have developed a new rf power
supply which has IGBT and MOSFET elements. Fig. 18
shows the electric circuit for AMITP. The modulation
in this case is acheived by switching IGBT. On the
other hand, in this power supply, MOSFET elements
are switched with a frequency to synchronize a frequency
changed by a plasma load with phase-locked loop (PLL)
control.
6.2 Dynamic behavior of Ar AMITP Fig. 19
shows (a) the modulation signal, (b) the inverter output
current in root-mean-square value, (c) the radiation in-
tensity of the Ar atomic line at 703 nm, and (d) the
Ar excitation temperature, in a triangular-rectangular
waveform modulation case (27). Input power is 10 kW,















(a) Coil current for steady operating mode
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Fig. 18. Electric circuit for AMITP (27).
and the pressure is 5.3 kPa (=40 torr). The observa-
tion was carried out at 10 mm below the coil end. The
observed radiation intensity changes periodically in tri-
angular waveform according to the modulation control
signals with some delay compared to the modulation sig-
nal. The delay time was roughly estimated to be 5 ms
from the time difference between the minimum of the
coil current amplitude and the minimum of the radia-
tion intensity. This delay time in the radiation inten-
sity arises mainly from the thermal inertia of thermal
plasmas, which is governed mainly by mass density and
specific heat of high temperature Ar gas. Fig. 19 (c)
depicts the variation of the radiation intensity for the
triangle-rectangular waveform. It is found that the ra-
diation intensity for the rectangular part becomes higher
than that for the first triangular part, which is due to
the accumulated power input to the plasma.
It is interesting to see how the temperature changes
following modulation signal. The Ar excitation tempera-
ture was estimated by the two-line method using the two
specified Ar lines at 703 and 714 nm. Fig. 19 (d) shows
the time evolution in the Ar excitation temperature in
case of triangular-rectangular waveform modulation (27).
The Ar excitation temperature is also modulated period-
ically following a triangular-rectangular control signal,
changing from 5500 K to 7000 K. These results implies
that the Ar excitation temperature in Ar AMITP can be






































































(d) Ar excitation temperature
 
 
Fig. 19. Time evolution in (a) control signal, (b)
modulated coil current, (c) effective power, (d) load
resistance, (e) Ar excitation temperature measured
in Ar AMITP (27).
in more detailed than that in PMITP.
7. Conclusion
This paper reviews recent results of fundamental
dynamic behaviors of PMITPs, and applications of
PMITPs. It has been found that the modulation of
the coil current can perturb high-pressure high-power
thermal plasmas, and can control the temperature and
radical densities. Especially Ar excitation temperature
in a molecular gas seeded Ar thermal plasma can be
changed following the modulated coil current. Applica-
tion of PMITP to surface modification processing is one
of the candidates to utilize chemically non-equilibrium
effects ocurring in PMITPs. In addition, a new type of
modulated induction thermal plasmas, AMITP has been
developed. It was found that more detailed control of
the temperature is possible in AMITP than PMITP. The
modulated thermal plasma is one promising radical and
heat source for high-speed material processings.
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